Polycystic kidney disease (PKD) is a common cause of end-stage renal failure, for which there is no accepted treatment. Progenitor and stem cells have been shown to restore renal function in a model of renovascular disease, a disease that shares many features with PKD. The objective of this study was to examine the potential of adult stem cells to restore renal structure and function in PKD. Bone marrow-derived mesenchymal stromal cells (MSCs, 2.5 ´ 10 5 ) were intrarenally infused in 6-week-old PCK rats. At 10 weeks of age, PCK rats had an increase in systolic blood pressure (SBP) versus controls (126.22 ± 2.74 vs. 116.45 ± 3.53 mmHg, p < 0.05) and decreased creatinine clearance (3.76 ± 0.31 vs. 6.10 ± 0.48 µl/min/g, p < 0.01), which were improved in PKD animals that received MSCs (SBP: 114.67 ± 1.34 mmHg, and creatinine clearance: 4.82 ± 0.24 µl/min/g, p = 0.001 and p = 0.003 vs. PKD, respectively). MSCs preserved vascular density and glomeruli diameter, measured using microcomputed tomography. PCK animals had increased urine osmolality (843.9 ± 54.95 vs. 605.6 ± 45.34 mOsm, p < 0.01 vs. control), which was improved after MSC infusion and not different from control (723.75 ± 56.6 mOsm, p = 0.13 vs. control). Furthermore, MSCs reduced fibrosis and preserved the expression of proangiogenic molecules, while cyst size and number were unaltered by MSCs. Delivery of exogenous MSCs improved vascular density and renal function in PCK animals, and the benefit was observed up to 4 weeks after a single infusion. Cell-based therapy constitutes a novel approach in PKD.
INTRODUCTION
Hereditary polycystic kidney disease (PKD) is one of the most common lethal monogenic genetic diseases of man, affecting ~1/1,000 individuals, and constitutes a common cause of end-stage renal disease (ESRD) (38, 40) . PKD can be divided into autosomal dominant PKD (ADPKD) and autosomal recessive PKD (ARPKD). Either of two loci PKD1 or PKD2, encoding polycystin-1 and -2, respectively, can cause ADPK; PKHD1, encoding fibrocystin, is the ARPKD locus. These proteins are ciliary glycoproteins, thought to regulate renal tubular (40) and vascular development (14, 28, 33) . AD-and ARPKD are considered to mainly affect tubular cells in the collecting duct, leading to the formation of parenchymal cysts with subsequent tubular and renal dysfunction and ultimately ESRD. However, the abnormalities in PKD extend beyond cyst development and renal tubular dysfunction, as around 50% of patients with ADPKD develop hypertension and vascular dysfunction, with hypertension also being common in ARPKD (3, 6, 13) . Furthermore, we recently showed that the ARPKD rat model (PCK model) (15) is associated with decreased renal vascular density that could be partly responsible for the decrease in renal function observed in these animals (48) . Despite increasing knowledge of the pathophysiology of PKD, no approved treatments are yet available to slow the progression of renal dysfunction.
Recently, the use of progenitor or stem cells has attracted significant interest in many renal diseases (11, 41) . In fact, our group has successfully used progenitor and stem cells to restore renal function in an experimental model of renovascular disease (RVD), a disease that is also characterized by alterations in vascular and tubular structure and function (4, 5, 7, 50) . In those studies, a single intrarenal infusion of mesenchymal stromal cells (MSCs) or endothelial progenitor cells during the evolution of RVD restored the hemodynamics and functions of the ischemic kidney, preserved microvascular architecture, and attenuated renal remodeling.
Thus, keeping in mind the pathological differences between RVD and PKD but at the same time focusing on the similarities that these two models share in renovascular dysfunction, the present study tested the hypothesis that a single intrarenal infusion of MSCs would blunt the progression of renal dysfunction in PKD.
MATERIALS AND METHODS

Experimental Design
All procedures were approved by the Mayo Clinic College of Medicine Institutional Animal Care and Use Committee. Female rats were divided into wild-type controls (Sprague-Dawley), PKD (PCK rat model) (15), and PKD + MSCs (n = 10 each). At 6 weeks of age, the PCK animals received an intrarenal infusion of bone marrowderived MSCs and were subsequently followed for 4 weeks. Systolic blood pressure (SBP) was assessed noninvasively using the tail cuff method at 6 weeks and weekly thereafter for the duration of the study. For the measurement of sodium excretion and urine osmolality we performed studies in metabolic cages (24 h) at 6 and 10 weeks of age. Blood samples were obtained at time of euthanasia and tissue prepared for ex vivo analysis. At the end of the study, some kidneys (n = 6 per group) were prepared for microcomputed tomography (mCT) analysis of the vasculature.
Stem Cell Harvesting, Characterization, and Delivery
MSCs were isolated from the bone marrow of 5-weekold wild-type male Sprague-Dawley rats and characterized for expression of CD90 and CD29, and negative expression for CD45 and CD11b/c, as previously described by our group (24). At 6 weeks of age, animals were anesthetized with 5% isoflurane (Cardinal Health, Lakeland, FL, USA) on 1 L/min O 2 and maintained with 1-2% isoflurane. Through a small midline incision, the proximal part of the left renal artery was exposed and carefully isolated from the renal vein. For cell delivery, a very small needle (33 gauge; Cadence, Inc., Staunton, VA, USA) was used to deliver either MSCs (passage 10, 2.5 ´ 10 5 in 250 µl of PBS; Life Technologies, Grand Island, NY, USA) or saline (250 µl of PBS), via the proximal renal artery. The needle was then removed, an absorbable gelatin sponge (Ethicon, Inc., Somerville, NJ, USA) was used to prevent bleeding, and the abdominal incision was then closed in two layers: muscle using a 4-0 silk suture (Cardinal Health) and skin using a 4-0 absorbable vicryl suture (Cardinal Health).
In Vivo Studies
Blood Pressure Measurements. Conscious animals were trained to the tail cuff (Kent Scientific, Torrington, CT, USA) for 1 week prior to blood pressure measurements. On the day of the studies, a cuff was placed around the animal's tail to obtain mean SBP readings, using the CODA blood pressure measurement system (Kent Scientific) (8, 47, 48) .
Glomerular Function. Creatinine levels in blood and urine as well as proteinuria were measured as previously described (48).
Renal Tubular Function. Studies in metabolic cages (24-h periods) were performed at baseline (week 6) and 4 weeks after the delivery of stem cells. Sodium and potassium concentration was determined using the EasyLyte Lithium Analyzer (Medica Corp., Bedford, MA, USA), and daily sodium excretion calculated as sodium concentration ´ daily urine volume. Urine osmolality was measured and expressed as mOsmol (Osmometer 3250; Advanced Instruments Inc., Norwood, MA, USA).
Imaging of Transplanted MSCs. Molecular imaging studies were conducted to ascertain that most of the transplanted MSCs remained in the delivered kidney. For this purpose, rat MSCs were transfected using Effectene Transfection Reagent (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's instructions. Cells (6 ´ 10 5 ) were plated in 10-cm dishes (Sarstedt, Inc., Newton, NC, USA) and transfected 24 h later with 5 µg of CMV-Fluc plasmid (a plasmid carrying the firefly luciferase gene driven by a cytomegalovirus promoter), kindly provided by Dr. Ian Chen of Stanford University. Then, transfected MSCs were infused in two separate animals following the protocol above. Optical bioluminescence imaging was performed 24 h after transplantation using a cooled charged-couple device camera (Xenogen, Caliper LS; PerkinElmer, Waltham, MA, USA). After intra peritoneal injection of the reporter substrate dluciferin (375 mg/kg of body weight), rats were imaged for 30 min using 5-min acquisition scans and displayed.
To confirm that MSCs remained in the kidney for the duration of follow-up, in a separate set of animals (n = 6), the infused cells were labeled prior to infusion with the fluorescent marker CM-DiI (4 µM; Cell Tracker CM-DiI; Invitrogen, Grand Island, NY, USA). Briefly, MSCs were rinsed in PBS and incubated for 20 min at 37°C in 4 µM CM-DiI. The solution was then removed and the cells washed twice with PBS and prepared for injection.
Four weeks after transplantation, renal tissue was harvested and examined under a fluorescence microscope.
Ex Vivo Studies
Microcomputed Tomography. mCT tissue preparation was performed as previously described from our laboratory (32, 48) . After scanning, the 3D volume images were reconstructed with a modified Feldkamp's filtered back projection algorithm, displayed with a cubic voxel of 17 µm, and the radio-opacity of each voxel represented by a 16-bit gray scale value. Image analysis was then performed with the Analyze™ software package (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN, USA).
Vasculature. As previously described, the cortex was divided into outer and inner regions, and the outer medulla into an outer and inner strip (23, 48) . The spatial density of cortical microvessels (diameters <200 µm) was calculated in each cross-section. Microvessels were further classified as small (diameters between 18 and 99 µm), medium (diameters between 100 to 199 µm), and large microvessels (>200 µm). The vascular volume fraction (VVF) in each renal region was also calculated from their cross-sectional slices as previously described. (23, 48) .
Glomeruli. For glomerular quantification, the analysis was performed as previously described (48). Briefly, the entire renovascular tree was tomographically connected and the glomeruli tomographically isolated using an intensity threshold that converted the image into a binary image. Then the glomeruli were counted using Matlab ® software (MathWorks, Natick, MA, USA) and expressed as number of glomeruli per mm 3 .
Cyst Volume. After creating 3D volume renderings of the cysts, binary images were created to identify renal cysts, and then their cross-sectional areas and the entire kidney cyst number were calculated.
Tissue Analysis
Histological Analysis. Renal tissues were fixed in 10% neutral-buffered formalin (Fisher Scientific, Pittsburgh, PA, USA), dehydrated, and embedded in paraffin, and histologic sections (4 µm thick) were prepared. Representative slides were stained with hematoxylin and eosin (Richard-Allan Scientific Co., Kalamazoo, MI, USA) to assess the renal morphology and the development of cysts and Picrosirius Red (American MasterTech, Lodi, CA, USA) to evaluate fibrosis. To examine the presence of proangiogenic cytokines, additional unstained slides were prepared for immunohistochemical staining for vascular endothelial growth factor A (VEGFA) (1:50 dilution; Novus Biological, Littleton, CO, USA). All the stainings were imaged using a Nikon Eclipse 50i clinical microscope (Nikon Instruments Inc., Melville, NY, USA) and Spot Advanced modular image software (Spot TM Imaging Solutions, Sterling Heights, MI, USA). Quantitative analysis was performed using MetaMorph microscopy automation and image analysis software (Molecular Devices, LLC, Sunnyvale, CA, USA) and averaged from four random fields of view (20´ magnification) for each of the cortex and medulla per slide, per animal.
For the MSC-labeling studies, renal tissues were flash frozen and observed under a fluorescent microscope (LSM 510 Confocal Laser Scanning Microscope; Carl Zeiss MicroImaging, Inc., Oberkochen, Germany). CM-DiI staining was imaged using an excitation wavelength of 534 nm and an emission wavelength of 560 nm. DAPI (Life Technologies) was used as a nuclear counterstain (using excitation and emission wavelengths of 405 and 420-460 nm, respectively) (31). Images were obtained at a magnification of 20´. To characterize the phenotype of the transplanted cells, CM-DiI-labeled MSCs were costained with von Willebrand factor (vWF) (1:400 dilution; Abcam, Cambridge, MA, USA) as a marker of endothelial phenotype or pan cyto keratin (1:100 dilution; Genway Biotech Inc., San Diego, CA, USA) as a marker of epithelial (tubular) phenotype.
Western Blotting. Protein expression was evaluated by Western blotting. Total lysate protein concentration was determined using the Bradford Assay (Bio-Rad, Hercules, CA, USA), and 25 µg protein per sample was loaded onto 10% PAGE gels (Bio-Rad), electrophoresed for 90 min at 90 V in Tris-glycine-SDS buffer (Bio-Rad), then transferred to PVDF membranes (Bio-Rad) in Tris-glycine-SDS plus 20% methanol (Sigma-Aldrich, St. Louis, MO, USA) at 12 V for 1 h in a TE70X semidry transfer apparatus (Hoefer, Inc., Holliston, MA, USA). Membranes were blocked for 1 h in Tris-buffered saline Tween-20 (TBST; Bio-Rad) containing 5% milk (TBST:milk) followed by overnight incubation on rocker at 4°C with primary antibodies diluted in TBST:milk. Following incubation with primary antibody, membranes were washed once for 5 min, then three times for 10 min each in TBST and then incubated on rocker for 1 h at room temperature with horseradish peroxidaseconjugated secondary antibodies (goat anti-mouse or goat anti-rabbit IgG, dilution range 1:5,000-1:10,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in TBST:milk. Wash steps were repeated as above, and then membranes were incubated for 5 min with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA), per manufacturer's instructions and imaged by film (Denville Scientific, Inc., Metuchen, NJ, USA) exposure. Band densities were analyzed by ImageJ (NIH, Bethesda, MD, USA) and normalized to corresponding loading control band densities. Rabbit anti-b-actin (1:5,000 dilution; Abcam) was used as loading control. Primary antibodies included mouse HIF-1a (1:1,000 dilution; Abcam), rabbit VEGF receptor 1 (VEGFR1, 1:10,000 dilution; Abcam), rabbit VEGFA (1 µg/ml dilution; Abcam).
Statistical Analysis
Data are expressed as mean ± SEM. Statistical comparisons between the groups were performed using ANOVA and the Bonferroni post hoc test, when applicable. Statistical significance was established at two-tailed p < 0.05.
RESULTS
Characteristics of PKD and Control Animals
At 6 weeks of age, there were no significant differences in SBP between PCK and control (113.81 ± 2.83 vs. 108.38 ± 2.76 mmHg, respectively, p = 0.16) and protein/ creatinine ratio (0.92 ± 0.18 vs. 0.69 ± 0.04, respectively, p = 0.11). However, the clearance of creatinine (CrCl) was lower in PCK animals than in control (control: 2.61 ± 0.20 vs. PCK: 1.75 ± 0.26 µl/min/g of body weight, p < 0.05), and urine osmolality increased (control: 346.6 ± 56.70 vs. PCK: 682.3 ± 61.04 mOsm/day, p < 0.001). Therefore, at the time point when MSCs were infused, the PCK animals already demonstrated renal dysfunction.
Moreover, compared to controls, 10-week-old PKD animals (4 weeks after MSC delivery) had an increase in SBP (Fig. 1A) , increased body weight (190.40 ± 3.13 vs. 209.40 ± 8.33 g, p < 0.05), and a more profound decrease in renal function, with an increase in protein/creatinine ratio (control: 0.48 ± 0.06, PCK: 1.33 ± 0.39, p < 0.05), and a decrease in CrCl (Fig. 1B) . In metabolic studies, PCK animals also showed an increase in urine osmolality (Fig. 1C ) and decreased sodium excretion compared to control (control: 0.80 ± 0.07 vs. PCK: 0.43 ± 0.08 mEq/ day, p < 0.001).
As in our prior study, the PCK animals had a decrease in vascular density in both the cortex and medulla ( Fig. 2A, B) , as measured by mCT. This decrease was mostly due to vessels under 200 µm in diameter, along with a decrease in VVF that was most prominent in the inner cortex (Table 1) . The PCK animals also showed glomerular hypertrophy, although the number of glomeruli remained unchanged (Table 1) . In ex vivo studies, 10-week-old PCK animals showed development of cysts ( Fig. 3A) and increased fibrosis, compared to control, both in the cortex and the medulla (Fig. 3B ), as measured by Picrosirius Red. Western blotting and immunohistochemical staining also revealed a decreased expression of VEGF pathway proteins and hypoxia inducible factor (HIF)-1a in PCK animals compared to control (Fig. 4A, B ).
Effect of MSCs in ARPKD
At 10 weeks (4 weeks after MSCs or placebo delivery), the PCK rats that received MSCs had levels of SBP comparable to control and lower than without treatment (Fig. 1A) , while there was no difference in the body weight between PCK and PCK + MSCs (209.71 ± 3.60 g, p = NS). Importantly, while the CrCl was not normalized in PCK + MSCs, it was significantly improved compared to PCK (Fig. 1B) , although the protein/creatinine ratio did not change (PCK + MSCs: 0.83 ± 0.13, p = 0.34 vs. PCK). MSCs also improved urine osmolality, a parameter of renal tubular function (Fig. 1C) , without significant changes in sodium excretion (0.39 ± 0.06 mEq/day, p = 0.33 vs. PCK and p < 0.01 vs. control).
A single intrarenal artery delivery of MSCs improved the cortical vascular density in the PCK animals, a beneficial effect that was maintained 4 weeks after treatment ( Fig. 2A, B) . The improvement in cortical density was observed in both the inner and outer cortex (Fig. 2B) , due to preservation of vessel density under 200 µm, together with an improvement in inner cortical VVF (Table 1) . There was also improvement in medullary vascular density in animals treated with MSCs (Fig. 2B ). Furthermore, animals that received MSCs also showed normalization of glomerular diameter (Table 1) . On the other hand, compared to PCK, PCK + MSCs had similar cyst size (5.5 ± 0.7 mm 3 and 4.9 ± 0.5 mm 3 , p = 0.24) and number (36.2 ± 8.1 and 37.8 ± 4.5, p = 0.43), as well as similar percentage of renal volume occupied by cysts (9.2 ± 1.8 and 9.6 ± 0.9%, p = 0.34).
In PCK animals that received MSCs the degree of fibrosis was significantly decreased compared to PCK and similar to control (Fig. 3B ). Furthermore, MSCs partially preserved the expression of VEGF and HIF-1a in the PCK animals ( Fig. 4A, B ).
Safety and Status of MSCs After Transplantation
The infusion of MSCs through the renal artery was safe, and no mortality was observed in the protocol used in this study. Furthermore, we observed that MSCs remained in the infused kidney with no detectable spillover after delivery ( Fig. 5A) . At 3 days postdelivery, the MSCs mostly localized in the glomeruli (Fig. 5B, C) , while only a few were retained in the interstitial space (Fig. 5D, E) . In fact, even 4 weeks after infusion, MSCs labeled with the fluorescent marker CM-DiI were detected mainly in the glomeruli, with some expressing the endothelial marker vWF (Fig. 5F) . We were also able to observe the presence of sporadic MSCs in the renal tubulointerstitial compartment, some of which expressed pancytokeratin, a marker of an epithelial phenotype (Fig. 5G ).
DISCUSSION
This study shows that a single infusion of MSCs preserved SBP and partially restored renal function in this PKD model. We found that MSCs improved vascular density, both in the cortex and the medulla, despite no changes in cyst size. Furthermore, 4 weeks after transplantation, a portion of the MSCs that remained in the kidney acquired endothelial and/or tubular characteristics.
PKD is a common cause of ESRD, and significant advances have been made in understanding its pathogenesis (38) . Several studies have linked PKD and renal tubular dysfunction, indicating that at the different stages of PKD, the renal concentrating ability and tubular function are abnormal. Several clinical studies have tested novel interventional strategies focused on the modulation of renal tubular function (9, 37, 49) . However, so far, the outcome of these studies has been inconclusive (39). Thus, novel approaches in the treatment of PKD are needed to provide novel insights on the disease and potentially novel therapeutic approaches that could complement strategies currently under investigation.
In addition to abnormalities in tubular function (38), a significant number of PKD patients suffer from hypertension and vascular derangements like intracranial aneurysms, conditions that are significant causes of morbidity and mortality in patients with PKD (6). Previous studies have also reported that PKD is associated with a dysregulation of nitric oxide and abnormal endothelial function (43, 44) . Furthermore, we have recently shown that the PKD kidney has decreased renal perfusion and glomerular function, characterized by reduced clearance of creatinine and increased protein/creatinine ratio (48) . In this study, we also show that the PCK animals have a decrease in daily sodium excretion, which may increase blood volume, potentially contributing to the hypertension seen in PKD. Taken together, these studies showed that PKD is characterized not only by changes in tubular function but also by changes in vascular structure and function, potentially representing a novel therapeutic target for this disease.
Regenerative medicine has appeared as a novel therapeutic strategy for many renal diseases (10). Within the many reparative cell alternatives available, MSCs have attracted special attention due to their ease of isolation and maintenance, together with the fact that they do not trigger a significant immune response (25, 27) . In this study, we show, for the first time, the potential of stem cells for the treatment of PKD, showing that a single infusion of MSCs normalized blood pressure and resulted in an improvement in vascular and, to some extent, tubular function. The improvement in vascular density was seen in both the cortical and medullary region. Furthermore, this improvement was seen mainly on the small microvessels (under 200 µm in diameter), which are largely responsible for vascular resistance (18) that can explain the better blood pressure regulation in these animals. Importantly, restoration of the microvasculature, despite no changes in the cyst size or number, was capable of improving renal and tubular function in this model of PKD. This may suggest that some of the renal functional decline in this model may be, in part, secondary to microvascular rarefaction, and provides the rationale for strategies to restore vascular density and function. Based on the observation that glomeruli number is not affected in this model of PKD, it is possible that the vessels affected are not those leading to glomeruli function, but rather those that have other vascular functions.
Importantly, MSCs also preserved vascular density both in the outer and inner medulla, despite the lack of change in cyst size and/or number, suggesting that these changes may be independent, at least in part, from a FACING PAGE Figure 5 . Engraftment and characteristics of transplanted MSCs. (A) A representative optical image shows that 1 day after transplantation many of the transplanted MSCs (labeled with firefly luciferase) were present in the infused kidney and were not observed in the rest of the abdomen areas or the contralateral kidney. (B) At 3 days postdelivery, most of the infused MSCs, labeled with the fluorescent marker CM-DiI, were detected in the glomeruli (G), outlined with white dashed lines (C, amplification). (D) However, few of them were localized even in the renal interstitial space between tubules (T), outlined with thinner white dashed lines (E, amplification) . Cells remained in the infused kidney as long as 4 weeks after transplantation. (F) Most of the identified MSCs (red) localized in the glomeruli (G, white dashed lines) and expressed the endothelial marker vWf (green), suggesting that they acquired certain characteristics of endothelial phenotype. (G) Moreover, some MSCs that were detected in the renal interstitial space, colocalized with the epithelial (tubular) marker pancytokeratin (green). vWF, vonWillebrand factor. physical impact of cysts on the medullary tissue. The lack of improvement seen in medullary VVF can be explained by a previously described autoregulatory mechanism involving oxidative stress in the medullary thick ascending limb of Henle (17, 21) . Alternatively, this phenomenon could be related to the persistence of pre existing cysts in that region of the kidney, which may not allow for vessels to fully develop in the medullary tissue, limiting the impact vessels will have on VVF calculation. That being said, further studies should focus on the interaction between vessels and cyst development.
We were able to detect MSCs both in the glomeruli and tubules after cell infusion. In fact, numerous studies have recently reported the engraftment of MSCs in acute renal injury models. However, while some of them showed glomerular as well as tubular distribution (12,20), others did not observe engraftment into vessels and glomeruli, but only in the tubular compartment, either promoting higher proliferation of surviving epithelial tubular cells (29) or differentiating into tubular epithelial cells (22) . In this regard, we must take into account the morphological and physiological characteristics of different disease models that may play an important role in engraftment, survival, and differentiation capacity of transplanted stem cells. Furthermore, considering that PKD is a chronic disease with a repetitive and continuous insult to the vasculature, we believe that sustained cell survival will be important to the beneficial effect of these therapies, as increased cell survival likely means sustained cytokine release, leading to a larger beneficial effect.
MSCs have been shown to exert mainly paracrine effects (1, 16, 36) , by releasing a number of cytokines, such as SDF1, VEGF, and HGF, leading to a vast array of beneficial effects, mainly on the vasculature of the treated organ, which may have proangiogenic and antiinflammatory effects, also leading to decreased fibrosis. In this study, we also show that, after transplantation, MSCs can acquire characteristics of endothelial cells, suggesting that some transplanted MSCs can transdifferentiate. The transdifferentiation potential of stem cells observed is supported by reports using endothelial progenitor cells in an animal model of renovascular disease (4). Although the extent of the beneficial effect that the transdifferentiated MSCs have in the PKD kidney remains unclear, it does speak of the plasticity of these cells that can acclimate to different microenvironments. Future studies are needed to clearly identify the mechanisms driving this beneficial effect of MSCs in PKD.
Most studies have shown that cells have poor survival after transplantation (30, 31, 42) , leading to significant interest in the monitoring of the viability of these cells over time (2) . For this purpose, we and others have used reporter gene strategies to locate and quantify the survival of cells transplanted to different organs/systems (26, 30, 31, 34, 35, 42, 45) .
In this study, we show that MSCs persist in the kidney for the duration of the study, providing evidence that retention of transplanted cells in the infused kidney may be better than the retention seen in other organs, like the heart. In future studies our group will focus on the retention rate and survival of transplanted cells in PKD.
Limitations
This study used a single dose of stem cells that, in a disease characterized by a continuous deleterious insult/ noxious microenvironment, may have a finite or limited effect. Future studies are needed to evaluate the beneficial effect of repetitive infusion or different doses of MSCs. The results of this study are limited to a 4-week follow-up, and further studies should be done to examine the duration of the beneficial effect.
MSCs did not change the number or size of PKD cysts. This is not surprising, as the development of cysts is likely the result of the genetic defect in fibrocystin unlikely to be reversed by a single dose and infusion of MSCs. Nevertheless, it is very encouraging that one single dose of MSCs lead to a significant beneficial effect on the vasculature and that benefits were maintained up to 4 weeks post-single treatment.
In this study, we used a rat PCK model of PKD that has been extensively used to test other therapeutic alternatives (15, 19, 46, 48) . Although it is a genetic model of ARPKD, it has been shown to share many features with ADPKD, the adult and most common form of PKD (15). Furthermore, it provides further evidence that the PCK rat model of PKD shares many vascular features with ADPKD, suggesting that this model may be used to test novel interventions for PKD.
Clinical Perspective
This study describes the potential for the use of stem cells for the treatment of PKD, providing a new paradigm for the treatment of this disease. Our results may serve to prompt evaluation of the potential adjuvant role of cell therapy in a genetic disease like PKD, which can be complemented with other therapeutic strategies currently under investigation. 
